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ABSTRACT 

Recent measurements of low-energy ga lac t i c  cosmic rays obtained on 

sounding rockets and s a t e l l i t e s  exhib i t  a composition d i f f e r e n t  from tha t  

obtained for  intermediate and high-energy rad ia t ion  obtained a t  balloon 

a l t i t udes .  I n  pa r t i cu la r  the r a t i o  of  l i g h t  t o  medium nucle i  is observed 

t o  be 0 .2  t o  0.3 in  the 50 t o  100 MeVfnucleon in te rva l  as  compared with 

values near 0.5 i n  the 200 t o  500 MeVfnucleon region. Lower values of 

the r a t io s  C / O ,  N/O, F/O and odd-Z /even-Z a re  a l s o  found. 

of the: 1- new measurements and of new measurements on the fragment t ion  

cross  sections f o r  cosmic-ray nuclei  i n  i n t e r s t e l l a r  space, an attempt 

has been made to  ca lcu la te  the composition expected i f  s imi l a r  source 

spectra  are assumed. It i s  founa tha t  ne i ther  passage through a fixed 

amount of mater ia l  nor an equilibrium condition (exponential path length 

d i s t r ibu t ion )  is adequate to  explain the observed features .  The e f f e c t s  

of including other  mechanisms such as  rigidity-dependent escape from the 

galaxy and Fermi acce lera t ion  i n  i n t e r s t e l l a r  space a re  evaluated. 

In the l i g h t  

I Introduction 

Vir tual ly  a l l  of the quant i ta t ive  theories  contrived to explain 

the energy-dependent composition of the ga l ac t i c  cosmic rad ia t ion  

involve the propagation of- the rad ia t ion  through i n t e r s t e l l a r  mater ia l .  

I f  t h i s  process occurs, a t  l ea s t  two mechanisms must  a f f e c t  the cosmic- 

ray composition and energy spectra;  these a r e  fragmentation produced in  

nuclear reactions with the mater ia l  (assumed t o  be mostly hydrogen) and 

ionizat ion energy loss .  Additional processes which might a f f e c t  the energy 

dependence of the r e l a t ive  composition include Fermi-type, acce lera t ion  

i n  co l l i s ions  of the cosmic-ray nuc le i  with magnetic i r r e g u l a r i t i e s  
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on clouds and r i g i d i t y  dependent l o s s  from the  galaxy. 

I n  t h i s  work w e  examine two extreme models of propagat ion process ,  

t h a t  i n  which the amount of i n t e r s t e l l a r  m a t e r i a l  through which the 

r a d i a t i o n  propagates is c o n s t a a t ,  and the equi l ibr ium model i n  which 

supply of p a r t i c l e s  i s  balanced by t h e i r  l o s s  through the var ious 

mechanisms mentioned above. These two models lead t o  de l t a - func t ion  

and exponent ia l  p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  t h e  pa th  length  

t r ave r sed ,  r e spec t ive ly .  

The present  re-examination of cosmic-ray propagat ion  is occasioned 

e s p e c i a l l y  by t h e  ex i s t ence  of  new measurements on the fragmentat ion 

c ros s  s e c t i o n s  which a r e ,  i n  some ins t ances ,  q u i t e  d i f f e r e n t  than those 

prev ious ly  assumed. 

The assumptions made about the cosmic-ray source a r e  t h a t  the  spectrum 

of a l l  spec ie s  emitted has the same shape and t h a t  t he  omitted f luxes  of L i ,  

Be and B a r e  neg l ig ib l e  r e l a t i v e  to  Oxygen. Other abundances have been 

t r e a t e d  a s  ad jus t ab le  parameters.  

Our c a l c u l a t i o n s  propagate ind iv idua l  elements from He through 0 

and the  charge groups 9 5 Z S 19 and Z > 20. Having obtained the  

abundances of the  ind iv idua l  species  a t  e a r t h  a s  a func t ion  of energy/ 

nucleon we sum t o  f ind  the  energy-dependent r a t i o  of Light  ( 3 5 Z 5 5) 

t o  Medium (6 5 Z i 8) n u c l e i .  We make the  approximation t h a t  the  

charge t o  mass r a t i o  of a l l  species  considered is .f. 

I1 Theory 

The theory of energy-dependent propagat ion of cosmic-rays through 

i n t e r s t e l l a r  space has been described r e c e n t l y  by F i c h t e l  and Reames (1966). 

The t r a n s p o r t  equat ion used i n  tha t  work is 



- 4 -  

where j 

of energyfnucleon E a f t e r  propagat ion through X g/cma of  material, 

and w i  (E) = dE/dx f o r  these p a r t i c l e s .  

(E ,X)  i s  the  f l u x  pe r  u n i t  energy/nucleon of i - type  p a r t i c l e s  i 

For the equi l ibr ium case  we begin wi th  the equat ion of Ginzburg and 

Syrova t s k i i  (1964) f o r  the genera l  energy-dependent number d e n s i t y  of i - type  

cosmic rays which w e  w r i t e  a s  

P 

Since  w e  a re  concerned w i t h  the  equi l ibr ium case . l N / . i t  = 0. We a l s o  

assume tha t  t h e r e  a r e  no s p a t i a l  v a r i a t i o n s  o r  second o rde r  energy 

e f f e c t s  s o  t h a t  t he  second and fou r th  terms i n  (2) a r e  zero.  

To w r i t e  Eq (2 )  i n  terms of f luxes  and conver t  t t o  x we l e t  

Ji - B N i ,  b i  = dE/dt - pdE/dx = Bwi(E), and I \ i  - B T ~ ,  s i n c e  

dx = ppcdt -  B d t .  With these  s u b s t i t u t i o n s  Eq. (2) becomes 

It i s  easy t o  show t h a t  the s o l u t i o n s  of Eq (1) and (3)  are 

r e l a t e d  by 

( 4 )  J i  (E) = J: j i  ( E , X ) d x  

and that 
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where t h e  i n t e g r a l  i n  Eq. (4 )  runs ove r  a l l  X f o r  c o n s t a n t  E. It is 

thus  p o s s i b l e  t o  o b t a i n  equ i l ib r ium s o l u t i o n s  by i n t e g r a t i n g  

those  ob ta ined  f o r  d i f f e r i n g  amounts of m a t e r i a l ,  i . e .  ove r  i n c r e a s i n g l y  

"o lder"  s p e c t r a  a t  c o n s t a n t  energy. 

I n  a d d i t i o n  t o  t h e  i o n i z a t i o n  ene rgy  l o s s  w e  have i n v e s t i g a t e d  

t h e  e f f e c t  of i n c l u d i n g  a s m a l l  amount of Fermi a c c e l e r a t i o n  (Fermi,  1949, 

1954) .  Th i s  a c c e l e r a t i o n  has  been inc luded  d i r e c t l y  i n  t h e  dE/dx 

term, i . e .  

wi  = dE/dx ( i o n i z a t i o n )  + aW 

=- - 'i 
Mi 

f ( B )  + dJ 

where W is t h e  t o t a l  energy/nucleon.  

I n  Eq. (6) (Y has  been chosen i n  the range 0 t o  0.03 c d / g .  

v a l u e s  are  several o r d e r s  o f  magnitude smaller t h a n  t h a t  n e c e s s a r y  t o  

produce t h e  observed s l o p e  of t h e  p a r t i c l e  s p e c t r a  w i t h  t h i s  a c c e l e r a t i o n  

a l o n e ,  and a r e  more n e a r l y  i n  accord w i t h  v a l u e s  e s t i m a t e d  from 

These 

measurements on magnet ic  c louds  i n  i n t e r s t e l l a r  space .  

The f i n a l  e f f e c t  inc luded  is  a r i g i d i t y - d e p e n d e n t  escape  from the 

ga laxy  u s i n g  t h e  e q u i l i b r i u m  model. 

should  be inc luded  as a boundary c o n d i t i o n  on Eq. ( 2 ) ,  s i n c e  i t  w i l l ,  

i n  g e n e r a l ,  coup le  energy  and s p a t i a l  dependences.  Fol lowing t h e  

example of  Cowsik e t  a l .  (1966),  however, w e  have inc luded  t h i s  e f f e c t  

A c t u a l l y  a n  e scape  of t h i s  k ind  

a s  a volume l o s s  term Ae = K/R,  normalized t o  3 g/cm2 a t  8 GV. 

111 Fragmenta t ion  Cross  S e c t i o n s  

Our p rev ious  work ( F i c h t e l  and Reames 1966) d i d  n o t  accoun t  f o r  a 
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number of new measurements on the fragmentation of nuc le i  i n  proton 

reactions.  Signif icant  among these i s  t h e  f i r s t  measurement of the 

production o f  the  s t a b l e  isotopes L i “  and Li“ i n  proton reactions with 

C1’ and 0l6 (Bemas e t  a l . ,  1965). Other data not included i n  older  

summaries have been measured f o r  C” (pyx)  Be7 (Williams and Fulmer, 

1967), and f o r  production of 01‘, N13, C’’ and Be7 i n  0l6(p,x) 

reactions (Albouy e t  a l .  , 1962). Recent summaries of measurements 

have a l so  been made (Ber t in i  e t  a l . ,  1966 and Bernas e t  a l . ,  1967). 

From these measurements and from the t h e o r e t i a l  work i f  Be r t in i  

e t  a1  and Bernas e t  a 1  we have attempted t o  b e t t e r  estimate the 

fragmentation cross sec t ions ,  the  resu l t s  f o r  the production of L i  

and B from various species a r e  shown in Fig. 1. 

It is  in t e re s t ing  t o  note  tha t  the high-energy cross sec t ion  f o r  

the production of s t a b l e  L i  isotopes from C1’ (pyx)  react ions is  

almost a f ac to r  of two lower than t h a t  estimated previously 

(Badhwar e t  a l . ,  1962). This r e s u l t  is not e n t i r e l y  su rp r i s ing  s ince  

the  previous r e s u l t  was based on measurements from neutron bombardment, 

these being the only data avai lable  a t  t h a t  time. Differences i n  

t h e  r e su l t s  from p and n react ions on the  same t a r g e t  leading t o  

the  same product a r e  expected (Bernas e t  a l .  , 1967). No v io l a t ion  

i n  isotopic spin conservation need be involved t o  produce such 

d i f  ferences . 
Errors i n  the f i n a l  L i  abundance from e r r o r s  in the  cross sect ions 

probably do not exceed 25%. I n  the case of boron production, Fig. 1 

shows t h a t  most of the  B r e s u l t s  from fragmentation of carbon and i n  

f a c t  comes from the C” (pipn) C1’ (f3”v) B’l react ion and decay. Since 

the  more-poorly-known reactions contr ibute  less t o  the t o t a l  boron 

production, the e r r o r  i n  the l a t t e r  is  probably a l s o  not more than 

20 t o  30%. 
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I V  R e s u l t s  and Discussion 

The r e s u l t a n t  L/M r a t i o  ca lcu la ted  using the  two d i f f e r e n t  models 

and var ious  mechamisms descr ibed a re  shown wi th  the data  i n  Fig.  2.  

Data are taken from the summary of F ich te l  and Reames (1967). C l e a r l y  

no s t r i k i n g  agreement exists between the  theory and the  measurements. 

Most of the  previous agreement has been destroyed by the  u s e  of 

the new c ross - sec t ion  measurements. The dominant c ros s  s e c t i o n s  are 

f l a t  o r  r i s i n g  wi th  energy i n  the  same energy reg ion  where t h e  

L/M r a t i o  appears  t o  be reaching a maximum and then decreas ing  wi th  

energy. 

The inc lus ion  of Fermi  acce le ra t ion  (a f0)  gene ra l ly  a f f e c t s  the  

L/M r a t i o  a t  low ene rg ie s .  

a c c e l e r a t i o n  t o  dece le ra t ion  (occurring a t  d i f f e r e n t  E f o r  d i f f e r e n t  

s p e c i e s )  a r e  too weak t o  be observed. 

E f f e c t s  a s soc ia t ed  wi th  the crossover  from 

Equil ibr ium s p e c t r a  f a i l  t o  expla in  t h e  d a t a  un le s s  a r i g i d i t y -  

dependent l o s s  from the  galaxy i s  assumed. We a r e  somewhat r e l u c t a n t  

t o  accept  such a lo s s  mechanism f o r  a number of reasons.  F i r s t ,  the  

L/M r a t i o  pred ic ted  decreases  a t  high ene rg ie s  i n  propor t ion  t o  the  

l o s s  term (eg. l i k e  K / R ) ,  apparent ly  no such e f f e c t  is observed. 

Second, the  high-energy spectrum emitted by the source must be f l a t t e r  

w i th  energy f o r  l o s ses  a s  s t rong  a s  R-’; i f  the  observed spectrum goes 

as R-’06 the  source spectrum m u s t  go a s  R-1*6 t o  account f o r  a K/R l o s s .  

This  means t h a t  t he  source must emit  many o rde r s  of magnitude more 

energy i n  cosmic-rays than  previously be l ieved .  

I n  a l l  the  r e s u l t s  p l o t t e d  i n  Fig.  2 w e  have used a d i f f e r e n t i a l  

r i g i d i t y  spectrum p ropor t iona l  t o  R-’*’ except  i n  the case of t he  

equi l ibr ium spectrum with the  K/R l o s s  descr ibed  above. Numerous 

o t h e r  s p e c t r a l  shapes have been used i n  our c a l c u l a t i o n s ,  b u t  g ive  equa l ly  
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poor  agreement.  

The g e n e r a l  inadequacy of t h e  p r e s e n t  t h e o r i e s  may a r i s e  from any 

of s e v e r a l  sources :  1) Propaga t ion  through i n t e r s t e l l a r  space  may n o t  

be t h e  dominant p r o c e s s  f o r  producing l i g h t  n u c l e i  and /o r  t hey  may be 

e m i t t e d  d i r e c t l y  by t h e  s o u r c e ,  2)  The c r o s s  s e c t i o n s  used h e r e  may 

n o t  be  a p p r o p r i a t e ,  c r o s s  s e c t i o n s  f o r  p r o c e s s e s  o t h e r  t h a n  p + C12 

o r  p + O l e  may dominate t h e  p roduc t ion  of l i g h t  n u c l e i ,  3) The observed 

f e a t u r e s  of t he  ga l axy  a r e  c o n s i d e r a b l y  more compl ica ted  than  expressed  i n  

e i t h e r  of t h e  models cons idered  h e r e ;  the  p a t h  l e n g t h  d i s t r i b u t i o n  

might be a more compl ica ted  f u n c t i o n  of X and E. W e  t r i e d  t o  avoid  

t r e a t i n g  t h e  pa th  l e n g t h  as t o t a l l y  phenominological  parameter .  

I n  view of t h e  poor  agreement  of t h e  t h e o r i e s  w i t h  the  L/M d a t a  

w e  do n o t  p r e s e n t  o t h e r  r a t i o s  which have been c a l c u l a t e d  on t h i s  

ind iv idua l -e lement  abundances ob ta ined  from t h e  t h e o r i e s .  
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